We found that mutations that increased the transcription of the mgtCBR (Mg 2+ transport-related) operon conferred increased thermotolerance on this organism. The 5′ leader of the mgtCBR mRNA contains two short open reading frames (ORFs), mgtM and mgtP, whose translation regulates the expression of the mgtCBR operon by a mechanism that is similar to attenuation in amino acid biosynthetic operons. We obtained two types of mutations that resulted in elevated transcription of the operon: defects in the mgtM ribosome-binding site, impairing the translation of this ORF and deletions encompassing the stop codon of mgtM that extend the translation of this ORF across a downstream Rho termination site. These mgtM mutations give further insights into the mechanism of the transcriptional control of the mgtCBR operon that we discuss in this work. We show that the increased thermotolerance requires elevated expression of the mgtC gene, but functional mgtB and mgtR, which respectively encode an Mg 2+ transporter and a regulatory protein, are dispensable for this response. MgtC has been shown to have complex functions, including a requirement for virulence, flagella-independent motility and synthesis of cellulose, and we now found that it has a role in the regulation of thermotolerance.
Introduction
The intestinal pathogen Salmonella enterica can proliferate or survive in a variety of niches ranging from open aquatic environments to refrigerated or heated food products, ectothermic reptiles and mammals and birds whose temperature may be elevated by fever (Nielsen et al., 2013) . Because S. enterica can rapidly transition between these environments, it must adapt to a wide range of rapidly changing temperatures (Dawoud et al., 2017) . Better understanding of the adaptive responses of food pathogens to temperature is of primary concern, given that high temperature treatment is a common and economical method for the inactivation microbial contaminants in food products (Davidson and Critzer, 2012) , and inadequate or uneven cooking of foods is a frequent cause of microbial infection of humans (Sirsat et al., 2011) .
The thermotolerance of bacteria can be regulated by several factors. The first to be discovered was the heat shock response, whereby brief exposure of cells to sublethal high temperatures enables them to survive subsequent treatments with higher temperatures that would be otherwise lethal (Guisbert et al., 2008) . Bacterial thermotolerance can also be regulated by growth phase, as demonstrated by the observation that stationary phase cells are more heat resistant than exponentially growing counterparts (Klauck et al., 2007) . Other factors that can enhance the thermotolerance of bacteria are osmotic stress (Calhoun and Frazier, 1966; Cánovas et al., 2001; Corry, 1974; Goepfert et al., 1970; Tesone et al., 1981) and acid pH (Foster and Spector, 1995) .
The temperature of the host can influence the virulence of pathogens, since moderate fever can lessen the severity of bacterial and fungal infections (Small et al., 1986; Walter et al., 2016) . Conversely, the temperature of contaminated food products before ingestion can affect the success of S. enterica in infecting hosts. Growth at moderately high temperature increases the adhesion of S. enterica serovar Typhimurium to Caco-2 cells, suggesting that such heat treatments prior to indigestion may enhance the virulence of this organism (Sirsat et al., 2011) .
Exposure to the sublethal high temperature of 42° was found to increase the expression of a number of virulence-related genes in S. Typhimurium (Sirsat et al., 2011) and S. enterica serovar Enteritidis (Yang et al., 2014) .
Our laboratory discovered that survival of S. Typhimurium and S. Enteritidis at lethal high temperatures can be enhanced by high-level, constitutive transcription of the Mg 2+ transport gene mgtA, revealing that Mg 2+ homeostasis is connected to the regulation of thermotolerance (O'Connor et al., 2009) . S. enterica has three Mg 2+ transporters: MgtA and MgtB, which are paralogous P-type Mg 2+ ATPases and CorA, which is a bi-directional divalent cation channel (Papp-Wallace and Maguire, 2013) . The mgtB gene is in a three-gene operon, in which mgtC and mgtR are the first and last genes respectively. The transcription of mgtA and mgtCBR can be induced over 100-fold by limiting [Mg 2+ ], but the transcription of corA is not regulated by this cation (Papp-Wallace and Maguire, 2008; Papp-Wallace and Maguire, 2013) . The mgtA and mgtCBR genes are induced in S.Typhimurium infection of mice (Heithoff et al., 1999a,b) .
The membrane-bound MgtC protein appears to have complex regulatory functions . Although it does not have Mg 2+ transport activity, MgtC is required for growth and flagella-independent motility at low external [Mg 2+ ] (Blanc-Potard and Groisman, 1997; Liepman et al., 2005; Park et al., 2015) and for maximal virulence (Blanc-Potard and Groisman, 1997) . Lee et al. (2013) proposed that MgtC inhibits the F 0 F 1 ATP synthase of S. enterica by interacting with the AtpB (or a) subunit of the F 0 proton channel, although, paradoxically, it has also been reported to stimulate the activity of the plasma membrane Na + ,K + -ATPase of Xenopus laevis oocytes (Günzel et al., 2006) . MgtC has a negative regulatory function in cellulose synthesis, because inactivation of this protein elicited increased expression of the bcsA (cellulose synthase) gene . Finally, overproduction of the S. Typhimurium MgtC protein in Escherichia coli resulted in increased fermentative production of succinic acid (Wang et al., 2016) . The mgtR gene specifies a small peptide that promotes the turnover of MgtC and MgtA (Alix and Blanc-Potard, 2008; Choi et al., 2012) .
Expression of mgtA and mgtCBR is dependent on the PhoQP two-component regulatory system, in which the membrane-bound PhoQ signal sensor phosphorylates the cytoplasmic PhoP protein in response to extracellular signals, and the phosphorylated PhoP protein directly or indirectly regulates transcription of mgtA, mgtCBR and ∼8% of the genes of S. enterica (Colgan et al., 2016) , including the phoQP operon itself .
The issue of what environmental factors regulate PhoQ is controversial (Papp-Wallace and Maguire, 2013) : activating signals that have been proposed are some antimicrobial peptides (Bader et al., 2005) , acid pH (Alpuche Aranda et al., 1992) , osmotic stress (Yuan et al., 2017) and low extracellular [Mg 2+ ] (Groisman, 1998) . Recently, it was reported that MgtC interacts with PhoP to protect the latter protein from degradation by the ClpS/ClpAP protease (Yeom et al., 2017) . In addition to the PhoQP-dependent regulation, there is a second level of control of the transcription of mgtA and mgtCBR by a mechanism that is akin to attenuation that regulates the expression of the his, trp and a number of other amino acid biosynthetic operons in Enterobacteriaceae (Kolter and Yanofsky, 1982) . The 5′ leader of the mgtA mRNA contains a short open reading frame (ORF), mgtL, whose translation influences the formation of mutually exclusive, overlapping stemloop conformations in the mRNA that alternatively lead to termination or permit transcription into the mgtA gene depending on the cytoplasmic [Mg 2+ ] and other environmental signals (Park et al., 2010; Zhao et al., 2011; Gall et al., 2016; Chadani et al., 2017) . The transcriptional attenuation of the mgtCBR operon is mediated by the translation of two tandem short leader ORFs, mgtM and mgtP (Lee and Groisman, 2012a,b; Lee et al., 2014; Sevostyanova and Groisman, 2015) , whose roles are described in detail in the Results section below. In addition, the accumulation of the mgtCBR mRNA is subject to regulation by turnover by a 1.2 kb-long antisense RNA, AmgR, that is generated from a PhoPdependent promoter located between mgtC and mgtB and can hybridize to the sense mRNA across the mgtM, mgtP and mgtC coding sequences . The double-stranded RNA that is thus formed is degraded by RNase E, resulting in a lower steady-state rate of synthesis of MgtC compared to MgtB.
As mentioned above, we had obtained mutants in S. Typhimurium that acquired substantially elevated heat tolerance. The thermotolerant strains that were initially characterized carried mutations that resulted in increased transcription of mgtA (O'Connor et al., 2009) and were subsequently shown to be in mgtL. More recently, we found that mutations in mgtM causing elevated transcription of the mgtCBR operon also confer enhanced thermotolerance to this organism. Here, we describe the isolation of the latter mutations and discuss their effects on the formation of secondary structures in the 5′ leader of the mRNA and on the transcriptional control of the mgtCBR operon.
Results

Stem-loop structures in the mgtCBR 5′ leader mRNA
Dr. E. Groisman's laboratory discovered the two short regulatory ORFs, mgtM and mgtP, in the 5′ leader of the mgtCBR mRNA, both of which partially overlap and are followed by self-complementary sequences that can direct the folding of the mRNA into alternative stem-loop structures (Lee and Groisman, 2012a,b; Lee et al., 2014) (Fig. 1) . Sevostyanova and Groisman (2015) identified a rut site located between mgtM and mgtP that serves as a Rho-dependent terminator when it is available in single-stranded, untranslated RNA. Preceding this site, there is a 'Rho-antagonizing RNA element' (RARE) site, which impairs the ability of Rho to terminate transcription when RARE is exposed in single-stranded RNA. Translation of the mgtM ORF modulates transcription termination via the interplay of stem-loop 'A', which extends from nucleotides +52 to +89 of the mgtCBR mRNA and partially overlaps mgtM at its 3′ end, and stem-loop 'B', which runs from +79 to +103 and partially overlaps the RARE site (Fig. 1) .
According to the proposed model (Lee and Groisman, 2012a; Sevostyanova and Groisman, 2015) , if mgtM is translated completely, then ribosomes disrupt stem-loop A and thereby enable stem-loop B to assemble. Because the RARE site is hidden within the latter stem-loop but rut is exposed in a single-stranded region, Rho terminates transcription upstream of mgtC. On the other hand, if translation of mgtM is slow or incomplete, stem-loop A Alternate secondary structures predicted in the analysis of the entire 5′ leader region of the mgtCBR mRNA from position +1 to +305 using the MFold Web Server (Zuker, 2003) . Stem-loops A, B, D, and E had been previously proposed by Dr. Groisman's group (Lee and Groisman, 2012,b; Lee et al., 2014; Sevostyanova and Groisman, 2015) ; stem-loops 1, 2, 3 and 4 were predicted in our analysis. Panel A shows structures that favor termination of transcription ('OFF') by efficient translation of the mgtM (pink) and mgtP (green) ORFs, and Panels B and C depict structures that favor transcription into the mgtCBR operon ('ON') by slow or incomplete translation of mgtM or mgtP respectively, as proposed by Groisman (2014 2012a,b) . The calculated free energies of formation (kcal/mol) of the stem-loops are indicated in parentheses and highlighted in yellow. Ribosome-binding sites (RBS), RARE (red), and rut (blue) are highlighted by lines next to the sequence, and the start and stop codons are boxed.
can form, preempt the formation of stem-loop B, free up the RARE site and consequently, prevent termination. It was reported that the transcription of mgtCBR is induced by high cytoplasmic [ATP] , which has been proposed to be sensed by the RNA polymerase as it incorporates three adjacent adenosine nucleotides at positions +44 to +46 of the mgtCBR leader ( Fig. 1) (Lee and Groisman, 2012a) .
The mgtP ORF contains three tandem Pro codons (Fig.  1) , which lead to induction of the mgtCBR operon under conditions that impair the translation of these codons (Lee et al., 2014; Nam et al., 2016) . There are potential alternate stem-loop structures 'C', 'D' and 'E' that start within mgtP and extend downstream of this ORF (Lee and Groisman, 2012b) , but their functions have not been characterized as extensively as those of stem-loops A and B.
We repeated the in silico analysis of the predicted folding of the 5' leader of the mgtCBR mRNA (Zuker, 2003) , which confirmed the possibility of formation of stem-loops A, B, D and E described by the Groisman laboratory. However, we detected other additional potential stem-loops ('1', '2', '3' and '4') that were not noted by these researchers (Fig.  1 ). Stem-loop 3 does not overlap sequences that could generate other competing stem-loops, so it could be formed when transcription is elongated past the rut site downstream of stem-loop B. However, stem-loop 3 contains the predicted ribosome-binding site (RBS) for mgtP, and therefore, depending on the timing of the synthesis of this stem-loop, it might compete with the initiation of translation of this ORF.
In this more extensive folding model, sequences in stem-loop A not only partially overlap stem-loop B and therefore could compete in each other's formation, but also sequences in stem-loop 1 overlap stem-loop 2, and sequences in stem-loop 2 overlap stem-loop A. Therefore, in comparing the predicted free energies of formation of the structures that favor or prevent termination at the rut site, it is necessary to sum the ΔG's of stem-loop 1 plus stem-loop A (-3.3 -15.5 = −18.8 kcal/mol) or stem-loop 2 plus stem-loop B (-15.9 -17.0 = −32.9 kcal/mol) respectively. Consequently, for the naked mRNA, such as the one that would be generated in the absence of translation of mgtM, the default folding would be predicted to favor the formation of the structure in which the rut site is available for termination.
Our folding prediction uncovered the possibility of formation of stem-loop 4, which contains sequences that could compete with the formation of stem-loop E. Stemloop 4 also contains much of the mgtP sequences, and therefore its formation could determine the efficiency of translation of mgtP. However, the mechanism by which the translation of mgtP regulates the transcription of mgtCBR has not been established adequately, and we do not address this issue further in this paper.
Construction of mgtM mutants
One of the S. Typhimurium mutants exhibiting increased heat tolerance obtained by our laboratory was strain TL3360 (Supporting Information Fig. S1 ), which carries the mutation originally designated as chr-2 (O' Connor et al., 2009) . This strain was isolated after mutagenesis of the wild-type strain TL1 with ethyl methanesulfonate (EMS) and positive selection of derivatives that showed increased viability at high temperature in exponential phase of growth. Full genomic sequencing (see Experimental procedures) revealed that strain TL3360 acquired four guanine to adenine (g → a) and three cytosine to thymine (c → t) single base-pair (bp) changes in the + strand, compared to strain TL1, in accordance with the known mutagenic specificity of EMS of generating g:c to a:t transitions (Coulondre and Miller, 1977) . The locations of these mutations are listed in Supporting Information Table S1 .
Of primary interest among these mutations was c → t transition at position 3,965,426, which caused g → a change in the opposite strand in the predicted RBS of mgtM (Fig. 2, panel A) . Based on this finding, the chr-2 mutation has been renamed as mgtM1. Because of our discovery that mutations in the mgtA leader mRNA could confer increased thermotolerance (O'Connor et al., 2009) , we conjectured that mutations in mgtM might likewise be responsible for this phenotype.
A second mutation of note in TL3360 was g → a transition at position 4,080,181 of the genome. This mutation is in the 8 bp untranslated spacer between the atpI and atpB genes, one bp upstream of the atg start codon of the latter gene. In light of the suggestion that MgtC interacts with the AtpB protein (Lee et al., 2013) , it is possible that this bp change was selected because it might potentiate the effects of high-level expression of the mgtCBR operon in conferring increased thermotolerance, or it might compensate for deleterious effects of high-level expression of this operon. Although the affected nucleotide is not in the predicted RBS of atpB and does not change the amino acid sequence of the product of this gene, it is possible that it could affect the stability of the mRNA or the efficiency of initiation of translation of atpB.
Other mutations detected in TL3360 were missense alterations in the STM1532, mppA (STM1679) and ygjQ (STM3222) genes and synonymous replacements of amino acid codons in the yfdC (STM3293) and STM4262 genes. There is no obvious relationship between the latter five mutations and increased heat tolerance; they are likely to have been generated adventitiously by the EMS-mutagenesis.
The presence of multiple mutations in TL3360 raises the concern that the thermotolerance could be the result of the interaction of two or more mutations in the strain. MFold Web Server (Zuker, 2003) was used to deduce the stem-loop structures and calculate their free energies of formation (highlighted in yellow). The structures are suggested to favor the expression of the mgtCBR are labeled 'ON' and the structures that favor transcription termination upstream of mgtC are labeled 'OFF'. A. The mgtM1 mutation is a g14a transition in the RBS of mgtM. It is predicted to impair the translation of mgtM, thereby allow the formation of stem-loops 1 and A, resulting in a structure in which RARE is exposed and blocks termination at rut. The translation of mgtP is not predicted to be affected. B. The mgtM2 mutation is a deletion of nucleotides +61 to +63 that removes the last two nucleotides of the mgtM stop codon plus the next downstream nucleotide. The mgtM ORF is predicted to be extended by 40 amino acids and partially overlap the mgtP ORF with a −1 offset in reading frame. Ribosomes translating the extended mgtM ORF can cover the rut site, block termination, and result in increased expression of the mgtCBR operon. The mgtP ORF could be translated from its normal initiation site.
The mgtM1 mutation was therefore separated from these other mutations by transduction into the wild-type and other genetic backgrounds. We confirmed that the mgtM1 mutation imparted elevated thermotolerance ( Fig. 3 ) and increased expression of the mgtCBR operon in the absence of the other mutations (Supporting Information Table S2 ), demonstrating that it is sufficient to confer these phenotypes by itself.
The mgtM2 allele was obtained as a spontaneous mutation that conferred high-level constitutive expression of the mgtB-lacZ fusion (Lac + on MacConkey agar; see
Experimental procedures).
Because the mgtM2 mutation was obtained in an mgtB12::MudJ mutant (TL4319), it was recombined into the wild-type strain without the mgtB insertion (see Experimental procedures). In the mgtB + background, the mgtM2 mutation also conferred increased heat tolerance (Fig. 3 ). DNA sequencing revealed that the mgtM2 mutation was a deletion of nucleotides +61 to +63 of the mgtCBR mRNA containing the last two nucleotides of the mgtM stop codon plus the next downstream nucleotide ( Fig. 2 panel B) .
The mgtM1 and mgtM2 mutations confer increased expression on the mgtCBR operon
In order to determine whether the increased thermotolerance due to the mgtM mutations is correlated with the level of transcription of the mgtCBR operon, we measured the β-galactosidase specific activities of strains carrying an mgtB-lacZ reporter fusion that were grown under the same conditions as used for the determination of thermotolerance (early exponential phase, at 30°). The mgtM1 and the mgtM2 mutations resulted in 23-and 27-fold increased expression the mgtB-lacZ fusion respectively, in medium containing 0.16mM Mg 2+ , compared to the mgtM + control strain (Table 1A) . Unlike the mgtM1 mutation, which is predicted to impair the translation of mgtM, the mgtM2 mutation is predicted to elongate the translation of this ORF by 40 codons, running into the mgtP ORF with a −1 reading frame offset ( Fig. 2 panel B ). Despite the fact that the two mutations are expected to have drastically different effects on the translation of mgtM, they both resulted in high-level of expression of the mgtCBR operon in medium containing 0.16mM Mg
2+
. The mechanism by which the mgtM1 and mgtM2 mutations bring about increased expression of the mgtB-lacZ fusion will be addressed in the Discussion section.
Effect of other mgtM2-related mutations on thermotolerance and expression of the mgtCBR operon
Because the mgtM2 mutation was initially obtained in a strain that also carried the mgtB12::MudJ insertion (strain TL4740), it was introduced into the wild-type strain TL1 without any other mutations, using a modified version of the linear recombination technique (see Experimental procedures). Although this method was successful in crossing the mgtM2 mutation into the wild type, unexpectedly, it also generated a family of seven new mgtM mutations. Each of these mutations not only contains the deletion of nucleotides +61 to +63 that is present in mgtM2, but also either a longer deletion or other mutations in the mgtCBR leader mRNA that are not immediately adjacent to the Δ(+61 to +63). The structures of these mutations and their predicted effects on translation of mgtM and mgtP are summarized in Table  1B . The mutations are overlaid on the mRNA sequence in Supporting Information Fig. S2 and their effects on the calculated free energies of formation of stem-loops 1, A, 2 and B are listed in Supporting Information Table S3 .
Strains carrying these mutations were tested for their thermotolerance. The mgtM2. 1, mgtM2.2, mgtM2.3, mgtM2 .4 and mgtM2.5 mutations conferred similar increased thermotolerance as the mgtM1 and mgtM2 mutations (Fig. 4) , but the mgtM2.6 and mgtM2.7 mutations were much less effective in this regard. In order to test whether the heat tolerance of the mgtM mutants is correlated with the level of transcription of the mgtCBR operon, we measured the expression of the mgtB-lacZ fusion in strains carrying these mutations grown under the same conditions as used for the determination of heat tolerance (i.e., early exponential phase cells grown at 30° in M63 with 0.16mM Mg 2+ and 10mM glucose). The mgtM2. 1, mgtM2.2, mgtM2.3, mgtM2 .4 and mgtM2.5 resulted in 12-to 33-fold increased expression of the mgtB-lacZ transcriptional fusion in cells grown with 0.16mM Mg
2+
, compared to the mgtM + control strain (Table 1) . However, the The heat sensitivity of strains TL1 (mgtM + , wt), TL6110 (mgtM1), and TL5242 (mgtM2) was determined at 53°, as described in Experimental procedures. Strains TL6110 and TL5242 carry the mgtM1 and mgtM2 mutations in the wild-type TL1 background without any other mutations (see Experimental procedures for the construction of these strains). The results are the averages + SD determined for three independent cultures for each strain. 11.8 ± 0.4 / (1-fold) mgtM1, formerly chr-2 (TL4648) g14a in mgtM RBS; Fig. 2 panel A Absent or diminished translation of mgtM; wild-type mgtP.
RARE site exposed, termination antagonized, mgtCBR transcribed at high level.
± 56 / (23-fold)
mgtM2 (TL5360) Δ(61 -63); Fig. 2 Because mgtC, mgtB and mgtR form an operon, the mgtM mutations are expected to affect the level of transcription of each of these genes. Therefore we tested which of these three genes need to be expressed at a high level in order to confer enhanced thermotolerance. Non-polar deletion of mgtC abolished the increased heat resistance provided by the mgtM1 mutation (Fig. 5) . However, deletion of mgtB did not abolish the increased heat tolerance due to the mgtM1 mutation. Experiments with strains carrying the mgtM2 mutation also corroborated that high-level expression of the chromosomal mgtC + gene confers increased heat tolerance without functional mgtB (Supporting Information Fig. S3 ).
In order to probe whether a functional MgtA protein is required for the mgtM1 mutation to confer increased thermotolerance, we constructed the triple mutant strain TL6249 (mgtM1 ΔmgtB mgtA9226::MudJ). This strain still exhibited increased thermotolerance, indicating that Mg 2+ uptake by the MgtB and MgtA transporters is not required for increased thermotolerance in strains with elevated transcription of mgtC + (Fig. 5) .
In order to further test whether high-level transcription of mgtC + confers elevated thermotolerance independently of the cause of over-expression, we placed the mgtC + gene without any of the flanking upstream or downstream sequences under the control of the L-arabinose-inducible P BAD , generating the high-copy plasmid pAG-mgtC. Induction of the transcription of the P BAD -mgtC + by L-arabinose also imparted increased thermotolerance on the wild-type (mgtM + mgtP Fig. S4 ), demonstrating that enhanced transcription of mgtC + confers elevated thermotolerance regardless of how increased transcription is brought about. Plasmid pAG-mgtC did not confer increased heat resistance in the absence of L-arabinose, indicating that induction of transcription of the P BAD -mgtC + construct is necessary for elevated thermotolerance (data not shown). We also tested whether the MgtR protein plays any role in the acquisition of increased thermotolerance by determining whether pAG-mgtC could confer this phenotype on a ΔmgtR mutant. We observed that the ΔmgtR mutant carrying this plasmid exhibited elevated thermotolerance upon induction with L-arabinose (Fig. 6 ), indicating that MgtR, which is a negative regulator of the accumulation of MgtC, is not necessary for increased heat tolerance resulting from high-level transcription of mgtC + .
Residual regulation of expression of mgtB in the mgtM mutants
We determined the effect of the external [Mg 2+ ] on the expression of the mgtB-lacZ fusion in the mgtM mutants (Fig. 7) . In the control mgtM + strain, the mgtB-lacZ fusion was induced sevenfold at 0. , corroborating that the mechanism that mediates the transcriptional control of the mgtCBR operon is most sensitive to Mg 2+ concentrations below 0.16mM Heithoff et al., 1999a) . Although the fact that mutations resulting in high-level transcription of mgtA or mgtC revealed that there is an interaction between Mg 2+ homeostasis and the regulation of thermotolerance in Salmonella, the transcription of mgtA-lacZ and mgtBlacZ fusions was not increased at 42° compared to 30° (data not shown). , and TL6234 (ΔmgtR/pAG-mgtC). Heat tolerance of the strains was determined as described in Experimental procedures, with these modifications: cells were cultured before and during the 53° heat treatment in M63 containing 20mM glycerol + 1mM L-arabinose (to induce transcription of mgtC + from the P BAD promoter) plus 100 μg ml −1 ampicillin added for the plasmidcontaining strains TL6233 and TL6234, and viable cells were enumerated after the heat treatment on LB plates supplemented with 1mM L-arabinose, with 100 μg ml −1 ampicillin added for the plasmid-containing strains. The results are the averages + SD determined for three independent cultures for each strain. , and β-galactosidase specific activities (MU) were determined as described in Experimental procedures. Strains used were: TL5354 (mgtM + mgtB12::MudJ), TL4648 (mgtM1 mgtB12::MudJ + 6 other mutations shown in Supporting Information In contrast to the above seven mgtM mutations, the mgtM2.6 and mgtM2.7 alleles had only a marginal effect on the expression of the mgtB-lacZ fusions at 10mM and 0.16mM Mg 2+ , and they actually impaired the full induction of the fusion at 0.01mM Mg
2+
, so that the fusion was expressed at only 53% and 24% of the levels seen in the mgtM + strain respectively, at this low Mg 2+ concentration.
The role of the PhoQP system in regulating transcription from the mgtCBR promoter in the constitutive mutants
Conceivably, the mutations in the 5′ leader of the mgtCBR operon that resulted in high-level, constitutive expression of mgtB-lacZ could have damaged the operator site for some unknown negatively-acting transcriptional regulatory protein, created a new promoter, or strengthened a binding site for a transcriptional activator that is independent of the PhoQP system. In order to test these possibilities, we determined the effect of phoQ and phoP defects on the expression of the mgtB-lacZ fusion in the mgtM1 and mgtM2 mutants. Inactivation of the phoQ and phoP genes brought the expression of the mgtBlacZ fusion down to background levels in both mutants in the presence of the normally inducing concentration of 0.01mM Mg 2+ (Table 2) It has been proposed that at high Mg 2+ concentrations
PhoP is unphosphorylated (Groisman, 1998) . However, the mgtM2, mgtM2.1 and mgtM1 mutants expressed the mgtB-lacZ fusion at 174-, 99-and 80-fold higher levels respectively, than the mgtM + strain even in medium containing 10mM Mg 2+ . These results call into question the hypothesis that the ability of PhoP to activate transcription from the mgtCBR promoter is completely blocked at high Mg 2+ concentrations.
Because our experiments were carried out in derivatives of the attenuated S. enterica sv. Typhimurium LT2, whereas much of the work on the PhoQP regulon has been performed with the pathogenic S. enterica sv. Typhimurium ATCC 14028s (e.g., García Heithoff et al., 1999a) , the possibility existed that the incomplete shutting off of the transcription of the mgtB-lacZ fusion by high [Mg 2+ ] in the mgtM mutants could be due to a genetic difference between the non-pathogenic and pathogenic strains. To test this possibility, we introduced the mgtM mutations with the linked mgtB12::MudJ insertion into ATCC 14028s. The 577 ± 144 2.1 ± 1.3 1.4 ± 0.7 mgtM2 776 ± 190 2.6 ± 1.2 1.9 ± 0.4 a. Strains were grown to stationary phase at 37° in M63 + 10mM glucose with 0.01mM MgSO 4 . This low concentration of Mg 2+ was used in order to achieve maximal induction of the mgtB-lacZ fusion in the phoQ + phoP + strains. β-Galactosidase was assayed as described in Experimental procedures. b. In addition to the indicated mgtM allele, each strain also carried the mgtB12::MudJ insertion. Strains used were TL5354 (mgtM Heithoff et al., 1999a) . This wide range of transcriptional control has been ascribed to regulation of the phosphorylation state of PhoP by external Mg 2+ concentration via the activity of the PhoQ protein (Groisman, 2001) . The fact that the mgtB-lacZ fusion is expressed at high levels in mgtM mutants raises the possibility that the transcription of the mgtCBR operon may not be as sensitive to the level of PhoQ-dependent phosphorylation of the PhoP protein as of other members of the PhoQP regulon. Thus, in the wild-type strain, the control of expression of the mgtCBR operon by extracellular [Mg 2+ ] via the PhoQP system appears to be a second order effect compared to the regulation by attenuation. A similar conclusion was reached earlier for the transcriptional control of mgtA, because the mgtA gene was expressed at high levels in strains carrying mgtL mutations in the presence of 10mM Mg 2+ (O'Connor et al., 2009; Gall et al., 2016) .
Growth characteristics and heat resistance of the mgtM mutants are distinct from those of an F 0 F 1 ATP synthase mutant
The result that the original mgtM1 mutant strain TL3360 also carries a mutation one bp upstream of the start codon of the atpB gene (Supporting Information Table  S1 ) raised the question whether the level of the F 0 F 1 ATP synthase/ATPase is altered in this strain. Furthermore, the proposal that MgtC inhibits the F 0 F 1 ATP synthase by binding to the AtpB protein (Lee et al., 2013) suggests that under conditions in which MgtC is expressed at high levels, the cells could have a phenotype similar to that of atp mutants. Therefore, we investigated whether the mgtM1 or mgtM2 mutation or the mutation in the atpIatpB intergenic region has an adverse effect on growth.
As a control in these experiments, we used a ΔatpA::Cm mutant, which is defective in the catalytic α subunit of the F 0 F 1 ATP synthase. Loss of the F 0 F 1 ATP synthase abolishes growth on carbon sources whose utilization requires oxidative phosphorylation and causes a reduction in growth yield on carbon sources that can generate ATP by substrate level phosphorylation (Harold and Maloney, 1996) . These defects are illustrated by the ΔatpA::Cm mutant TL5902, , and grown with aeration at 37°. The light scattering of the cultures was measured at 600nm (OD 600 ) at the indicated time points. The growth rates of the cultures were calculated by least squares fit of an exponential function to data points over the exponential phase of growth. The R 2 values for the fits were > 0.994 for all cultures, except for TL5902 (atpA) grown on citrate + CH. The curves shown in this figure are from a single representative experiment, but the growth measurements were carried out in three independent replicates with similar results. The exponential growth rate constants, expressed as generations/h (Gen/h), were the averages of the data results in the three independent replicates ± standard deviation. Strains carried the indicated single mutations, except TL3360, for which the asterisk indicates that in addition to the mgtM1 allele, this strain carries the g → a mutation at position 4,080,181 in the atpI-atpB intergenic region plus the 5 other mutations shown in Supporting Information Table  S1 . Strain TL6130 carries the single g → a mutation at position 4,080,181, denoted by atpI-#atpB.
which was unable to grow with citrate + 0.01% casein hydrolysate (CH), and its final growth yield was reduced by ∼40% in glucose + 0.01% CH (Fig. 8) . The single bp change in the atpI-atpB intergenic region (strain TL6130) did not cause statistically significant changes in the growth rate or final cell yield compared to the wild-type strain TL1 with both glucose + CH and citrate + CH, indicating that this mutation does not have any obvious effects on the functioning of the ATP synthase.
Strain TL3360, which carries the original mgtM1 mutation together with the atpI-atpB intergenic bp change (plus 5 other mutations; see Supporting Information Table S1 ) and strain TL6110, which harbors only the single mgtM1 mutation separated from the other mutations in TL3360, did not exhibit any defects on glucose + CH, either in terms of their growth rates or final cell yields (Fig. 8) . However, both of these strains were impaired in their growth rates on the combination of oxidative carbon sources citrate + CH. Although there was no significant difference in the growth rates of the latter two strains on glucose + CH, the growth rate of the multiple mutant TL3360 on citrate + CH was ∼1.8-fold lower than that of the single mgtM1 mutant strain TL6110. The mgtM2 mutant TL5242 had a ∼32% lower growth rate than the mgtM1 mutants on glucose + CH. However, the mgtM2 mutant exhibited a complex pattern of growth on citrate + CH, because it had a ∼15 hr lag before it began to grow rapidly. This pattern of growth was seen reproducibly in all independent replicate experiments.
The results in Fig. 8 revealed two differences in the phenotypes of the mgtM mutants and the atpA mutant: the mgtM1 and mgtM2 mutants could grow on citrate + CH, albeit more slowly than the wild type, whereas the atpA mutant was unable to grow at all on this combination of carbon sources. Furthermore, the mgtM2 mutant had normal biomass yield but grew more slowly than the wild type even on glucose + CH, whereas the atpA mutant had decreased biomass yield but normal exponential growth rate on glucose + CH. Because of these differences in phenotypes, it is unlikely the slower growth of the mgtM2 mutant is due simply to inhibition of the F 0 F 1 ATP synthase. At present, we cannot offer compelling explanation why the mgtM2 mutation caused a more pronounced growth inhibition than the mgtM1 mutation on both sets of carbon sources that we tested. Conceivably, this difference might be due to the fact that by elongating the translation of mgtM into mgtP, the mgtM2 mutation might alter the expression of the latter ORF, whereas the mgtM1 mutation is predicted to interfere with the translation of mgtM without affecting the translation of mgtP, and the slower growth of the mgtM2 mutant might be due to some unknown regulatory function of MgtP. It will be necessary to carry out future experiments to identify the reason for the differences in the phenotypes of the mgtM1 and mgtM2 mutants and to determine why high-level transcription of the mgtCBR operon is deleterious.
Arguably, the increased heat resistance caused by elevated transcription of mgtC could be due to a physiological effect of decreased ATP levels resulting from inhibition of the F 0 F 1 ATP synthase (Lee et al., 2013) . We therefore tested whether loss of the ATP synthase would also confer enhanced thermotolerance. The result of this experiment was that the ΔatpA::Cm mutation actually rendered the strain substantially more heat sensitive than the wild type (Fig. 9) . However, the mgtM1 mutation was able to overcome the heightened heat sensitivity caused by the atpA mutation, so that the mgtM1 atpA double mutant was more heat resistant than the wild type (albeit not to the same extent as the mgtM1 single mutant) (Fig. 9) . These results suggest that the increased heat resistance caused by high-level transcription of mgtC + is not related to the inhibition of the F 0 F 1 ATPase. Because the g4,080,181a mutation, which is in the atpIatpB intergenic region, was obtained by EMS mutagenesis in the mgtM1 mutant TL3360 in a positive selection for increased thermotolerance, we determined the effect of this mutation on heat resistance. As can be seen in Fig.  9 , the heat tolerance of a strain TL6130 carrying this single mutation (denoted as atpI-#atpB) was not significantly different from that of the wild type, confirming that this mutation is not necessary for the heat resistance of the mgtM1 mutant. However, it will be necessary to carry out further experiments to resolve whether this mutation has any effect on the production of the ATP synthase. Fig. 9 . Effect of the ΔatpA::Cm mutation on thermotolerance.
The heat sensitivity of strains TL1 (wt), TL6110 (mgtM1), TL5902 (ΔatpA::Cm), TL6322 (mgtM1 ΔatpA::Cm) and TL6130 (g4,080,181a, denoted as atpI-#atpB) was determined at 53°, as described in Experimental procedures. These strains carry the indicated mutations in the wild-type TL1 background (see Experimental procedures for the construction of these strains). The results are the averages ± SD determined for three independent cultures for each strain.
Discussion
Our main finding in this work was that high-level constitutive transcription of the mgtC + gene confers increased thermotolerance on S. (Park et al., 2015) . Our observations suggest that the complex functions of MgtC include regulation of thermotolerance in addition to its role in the regulation of virulence (Blanc-Potard and Groisman, 1997) , growth and flagella-independent motility at low Mg 2+ concentrations, and the production of cellulose and succinic acid (Wang et al., 2016) . The observation that MgtC can protect PhoP from proteolysis (Yeom et al., 2017) raises the possibility that overproduction of MgtC could increase the steady state level of PhoP, and the enhanced thermotolerance in the mgtM mutants might be the consequence of overproduction of protein(s) in the PhoQP regulon.
mgtM mutations that change the transcriptional control of the mgtCBR operon
The mgtM1 (formerly chr-2) allele had been isolated by positive selection for EMS mutagen-induced mutations that resulted in elevated thermotolerance and was subsequently shown to confer increased constitutive expression of the mgtCBR operon. Conversely, the mgtM2 allele was initially obtained in a selection for spontaneous mutations that imparted increased constitutive expression of an mgtB-lacZ reporter fusion and was shown in subsequent characterization to confer elevated thermotolerance. As the mgtM1 mutation is in the RBS of mgtM (Fig.  3 panel A) , it presumably impairs the translation of this ORF. This result is consistent with the model that slow or incomplete translation of mgtM enables the formation of stem-loop A in preference to stem-loop B, so that termination is antagonized by the free RARE site (Lee and Groisman, 2012a; Sevostyanova and Groisman, 2015) . However, because the ΔG of formation of stem-loop B is more favorable than that of stem-loop A, preferential formation of the latter stem-loop over the former one cannot be explained solely on equilibrium thermodynamic grounds. Predominant formation of stem-loop A might be due to the fact that, because sequences constituting this structure are synthesized before sequences making up stem-loop B, they may fold first and thereby curtail the formation of stem-loop B.
The mgtM2 mutation, which is a deletion of the last 2 nucleotides of the stop codon of mgtM plus the next downstream nucleotide, is predicted to elongate the MgtM peptide by 40 amino acids, whose coding sequences run into mgtP with a −1 frameshift, ending at nucleotide +185 (Fig. 2 panel B) . By deleting these three nucleotides, the mgtM2 mutation is predicted to decrease the stability of stem-loops 1 and A by a net 0.4 kcal/mol and increase the stability of stem-loops 2 and B by a net 0.6 kcal/ mole. Therefore, if the regulation of transcription termination/anti-termination were solely a matter of equilibrium between the formation of these stem-loops, one would predict that the mgtM2 mutation would cause decreased rather than increased transcription of mgtCBR. High-level expression of mgtCBR in the mgtM2 mutant could be due to the fact that translation is now extended past the site of the stop codon, the rut site is covered by ribosomes and termination is blocked. However, we cannot rule out that the alteration in the transcriptional control of this operon could be due to the overlap in the translation of the extended mgtM ORF and mgtP.
The effect of other mgtM2-related mutations on the transcriptional control of the mgtCBR operon
As mentioned above, in the course of crossing the mgtM2 mutation into the wild-type strain, we recovered seven new strains that carried additional mutations in mgtM (Supporting Information Fig. S2 ). Although the recovery of these mutations was unexpected, they enabled us to further test the correlation between high-level transcription of mgtCBR and elevated thermotolerance and to probe the mechanism of the transcriptional control of this operon. Five of these, mgtM2.1 to mgtM2.5, resulted in increased expression of the mgtB-lacZ fusion at all Mg 2+ concentrations and two, mgtM2.6 and mgtM2.7, impaired the induction of this fusion at 0.01mM Mg 2+ (Fig. 7) . As these mutations deleted 3 or more nucleotides around positions +61 to +63, each of them would be predicted to destabilize stem-loop A in comparison to stem-loop B, and hence, thermodynamic considerations alone would predict that they should all result in lower levels of transcription than seen in the mgtM + counterpart.
Our interpretation of the effects of these mutations on the regulation of termination at the rut site located between mgtM and mgtP is summarized in Table 1 . A fuller discussion of the predicted consequences of these mutations on formation of stem-loop structures and the regulation of expression of the mgtCBR operon is presented in Supplementary Information (Supporting Information  Fig. S2 ). Like in the mgtM2 mutant, in the mgtM2.1 and mgtM2.5 mutants, the mgtM ORF is elongated to position +185, in the mgtM2.4 mutant, it is extended to nucleotide +222 and in the mgtM2.2 and mgtM2.3 mutants, it is extended to nucleotide +118 (wild-type numbering in each case). In these mutants, the rut site could be covered completely or partially by translating ribosomes, which would block termination by Rho and therefore result in increased expression of mgtCBR, in accord with the model of Lee and Groisman (2012a) .
The mgtM2.7 mutant carries two mutations: Δ(+12 to +14), which damages the RBS and Δ(+54 to +66), which completely removes all but three nucleotides in the left arm of stem-loop A. The RBS mutation presumably blocks initiation of translation of mgtM, as in the mgtM1 mutant. However, deletion in the left arm of stem-loop A makes it possible to form stem-loop B, which covers up RARE in double-stranded RNA and leaves rut available for Rho to terminate transcription. Therefore, the diminished level of transcription of mgtCBR can also be explained in the model of Lee and Groisman (2012a) .
The mgtM2.6 mutant carries two mutations: Δ(+28, +29), which causes a −2 frameshift in the translation of mgtM and Δ(+61 to +63), which weakens stem-loop A like in the mgtM2 mutant and extends the mgtM ORF to the position corresponding to nucleotide +118. As in the mgtM2.2 and mgtM2.3 mutants, the extended translation of mgtM would partially cover the rut site and consequently would be predicted to antagonize termination. Nevertheless, the mgtCBR operon is not expressed at high constitutive levels like in the other mutants that carry the Δ(+61 to +63) mutation and cannot be induced by Mg 2+ -limitation. We cannot offer an explanation for effect of this one mutation in terms of the model proposed by the Groisman laboratory. It is possible that there are other unknown factors (e.g., mRNA turnover or uncharacterized transcriptional regulatory proteins) involved in the regulation of expression of the mgtCBR operon.
Concluding remarks
It was proposed that high cytoplasmic [ATP] is a regulatory signal for the induction of the mgtCBR operon, acting through rapid transcription of three consecutive adenosine residues at positions +44 to +46 of the mRNA leader (Lee and Groisman, 2012a) . These residues are not mutated in any of our strains, and we did not impose any culture conditions that would increase the ATP levels. Nevertheless, we observed high-level constitutive expression of the mgtB-lacZ fusions in our mgtM mutants. Therefore, if there is a need for elevated ATP levels for high-level expression of the mgtCBR operon, apparently, mutations in mgtM can override this requirement. Also, the mgtP ORF is not changed by any of our mutations, but nevertheless each one, except for mgtM2.6 and mgtM2.7, resulted in high-level expression of mgtCBR. Thus, it is not necessary to impose limitation for free proline or Pro-charged prolyl-tRNAs to elicit induction of the mgtCBR operon (Lee and Groisman, 2012b; Lee et al., 2014 
Experimental procedures
Bacterial strains, media, growth conditions, determination of heat sensitivity and β-galactosidase assays Media and growth conditions used for bacterial strains are described in Supplementary Information. The origin or construction of bacterial strains used in this work can be found in Supporting Information Table S4 . All experiments were carried out with cultures grown in minimal medium 63 (M63) (Cohen and Rickenberg, 1956 ) with 10mM glucose as carbon source, unless otherwise stated. The standard M63 contains 0.16mM Mg   2+ ; the concentration of this nutrient was varied by supplementation with different concentrations of MgSO 4 , as indicated. Heat sensitivity of strains was determined as described by O'Connor et al. (2009) ; the detailed procedure can be seen in Supplementary Information. The results are expressed as % colony forming units determined for cultures spread on LB plates after different times of heat treatment, normalized to the viable cell density at the first time point (0.1 min). The conditions used for growing cells for β-galactosidase are described in Supplementary Information, and this enzyme was assayed according to the protocol of Miller (1991) .
Construction of heat resistant mutants
The mgtM1 (formerly chr-2) mutation had been isolated in strain TL3360 after mutagenesis of the wild type strain TL1 with EMS and selection of derivatives with increased survival at 53° (O'Connor et al., 2009) . Full genomic sequencing with Illumina HiScanSQ carried out at the Purdue Genomics Core Facility revealed that strain TL3360 acquired seven mutations (Supporting Information Table S1 ).
Strains Table S5 ), and DNA sequencing demonstrated that they carried the same bp change in the ribosome-binding site of mgtM as strain TL3360. β-Galactosidase assays corroborated that the mgtM1 mutation resulted in high-level constitutive expression of the mgtBlacZ fusion in M63, compared to that seen in the mgtM + control strain (see Results, Table 1 ). The mgtM1 mutation was transduced into the wildtype background without the other mutations that are present in TL3360 by a variation of a two-step procedure that can target mutations into bacterial chromosome (Maisonneuve et al., 2011; Datsenko et al., 2012) , using an aph p3 rhaB -parE cassette, which consists of a kanamycin resistance element (aph) and the parE gene transcribed from the rhamnose-inducible promoter p3 rhaB . The parE gene encodes an inhibitor of DNA gyrase, and consequently, strains harboring the p3 rhaB -parE fusion are rhamnose-sensitive (Rha S ). In the first step of the construction, the mgtM ORF from position +21 to +63 in the 5′ leader of the mgtCBR mRNA was replaced in the wild-type strain TL1 with the aph p3 rhaB -parE cassette by linear recombination (Datsenko and Wanner, 2000) , selecting kanamycin resistant (Km R ) recombinants, resulting in strain TL5162 (Supporting Information Table  S4 ; the structure of the ΔmgtM::(aph p3 rhaB -parE) insertion can be seen in Supporting Information Fig. S5A ). The ΔmgtM::(aph p3 rhaB -parE) was transduced by P22 from TL5162 into the wild-type strain TL1 by selection for Km R , generating strain TL5171. In the second step of the construction, strain TL5171 was transduced to Rha + by P22 grown on strain TL3360. In this step, the ΔmgtM::(aph p3 rhaB -parE) insertion was replaced by DNA containing the mgtM1 allele by RecABCD-mediated recombination across homologous sequences flanking the mgtM1 site, generating strain TL6110. Replacement of the ΔmgtM::aph p3 rhaB -parE insertion with DNA containing the mgtM1 mutation in this strain was phenotypically diagnosed by loss of Km R and verified by PCR amplification and DNA sequencing, using primers LC20 and LC21. The mgtM1 mutation was also transduced into strain TL1 together with the linked mgtB12::MudJ(Km R ) insertion to generate strain TL5762 and into strain ATCC 14208s to generate strain TLa5942, both of which expressed the lacZ fusion at high constitutive level, demonstrating that the mgtM1 mutation resulted in high-level expression of the mgtCBR operon when separated from the other mutations that are present in TL3360.
The mgtM2 mutation in strain TL4740 was isolated by selecting a spontaneous Lac + derivative of TL4319 (chr + mgtB12::MudJ) on lactose MacConkey plates after 4 days of incubation. In P22 transductions in which the mgt-B12::MudJ from TL4740 was crossed into TL1 (wt), 95% of the recombinants were Lac + on MacConkey plates, indicating that the mgtM2 mutation was closely linked to the MudJ. DNA sequence analysis of PCR fragments amplified with primers LC20 and LC21 from the original isolate TL4740 and Lac + transductants of TL1 revealed that this mutation is a deletion of nucleotides +61 to +63 of the mgtCBR mRNA, which encompasses the stop codon of mgtM (Fig. 3 panel B) .
Isolation of additional mgtM2-related mutations
The mgM2 mutation was transferred into the wild-type (mgtC
strain by a procedure that was similar to that used to cross the mgtM1 mutation into the chromosome, described above. This construction employed two single-stranded oligonucleotides: LC44, which consists of sense strand nucleotides −16 to +50 of the mgtM sequence and LC45, which consists of antisense strand nucleotides +99 to +64 and +60 to +31 of mgtM, where the skipped nucleotides from +63 to +61 correspond to the mgtM2 mutation (Supporting Information Fig. S5A ). These two oligonucleotides, which are complementary over mgtM positions +31 to +50, were hybridized in vitro and were used to replace the ΔmgtM::(aph p3 rhaB -parE) insertion with phage λ gam-mediated linear recombination (Datsenko and Wanner, 2000) , selecting rhamnose-resistant (Rha R ) progeny on M63 + glycerol + rhamnose. Such derivatives could be generated by recombination across homologous sequences in the chromosome and the hybridized oligonucleotides (Supporting Information  Fig. S5A ). Replacement of the p3 rhaB -parE cassette with the sequences from the oligonucleotides was recognized by the loss of Km R and confirmed by sequence analysis of PCR fragments generated with primers LC20 and LC21. We characterized ten Rha R kanamycin sensitive (Km S ) derivatives generated by the above construction by DNA sequencing. Of these, three (strains TL5242, TL5244 and TL5245) correctly carried the 3-bp deletion of the mgtM2 mutation. The remaining seven also had the deletion of the same 3 bp, but unexpectedly, they carried additional mutations. Three derivatives, TL5241, TL5246 and TL5347, contained longer than expected deletions that encompassed the site of the mgtM2 mutation, and four, TL5340, TL5243, TL5248 and TL5249, contained additional single-base pair changes, insertions, or deletions in the mgtM leader that were not directly adjacent to the mgtM2 deletion. The sequences of the expected mgtM2 allele and of the additional mutations were determined on both DNA strands in PCR fragments amplified with primers LC20 and LC21 from the original mgtC + B + R + isolates and from derivatives carrying the mgtB12::MudJ. The structures of these mutations are summarized in Table  1 and shown in Supporting Information Fig. S2 . It is not certain how the latter seven mutants arose, but it is possible that the mgtM2 mutation imposed a growth defect that could be compensated by these secondary mutations. However, because oligonucleotide LC45 can potentially form a self-complementary stem-loop structure (Supporting Information Fig. S5B ), another explanation for our recovery of these extra mutants might be that the stem-loop might have caused DNA replication errors during the recombination. Regardless of the mechanism that generated them, the fortuitous isolation of these other mutations enabled us to test the effects of a larger sampling of mgtM alleles on heat tolerance and on the transcriptional regulation of the mgtCBR operon.
